The plant 4-HYDROXY-3-METHYLBUT-2-ENYL DIPHOSPHATE REDUCTASE (HDR) catalyzes the last step of the methylerythritol phosphate pathway to synthesize isopentenyl diphosphate and its allyl isomer dimethylallyl diphosphate, which are common precursors for the synthesis of plastid isoprenoids. The Arabidopsis (Arabidopsis thaliana) genomic HDR transgene-induced gene-silencing lines are albino, variegated, or pale green, confirming that HDR is essential for plants. We used Escherichia coli isoprenoid synthesis H (Protein Data Bank code 3F7T) as a template for homology modeling to identify key amino acids of Arabidopsis HDR. The predicted model reveals that cysteine (Cys)-122, Cys-213, and Cys-350 are involved in iron-sulfur cluster formation and that histidine (His)-152, His-241, glutamate (Glu)-242, Glu-243, threonine (Thr)-244, Thr-312, serine-379, and asparagine-381 are related to substrate binding or catalysis. Glu-242 and Thr-244 are conserved only in cyanobacteria, green algae, and land plants, whereas the other key amino acids are absolutely conserved from bacteria to plants. We used sitedirected mutagenesis and complementation assay to confirm that these amino acids, except His-152 and His-241, were critical for Arabidopsis HDR function. Furthermore, the Arabidopsis HDR contains an extra amino-terminal domain following the transit peptide that is highly conserved from cyanobacteria, and green algae to land plants but not existing in the other bacteria. We demonstrated that the amino-terminal conserved domain was essential for Arabidopsis and cyanobacterial HDR function. Further analysis of conserved amino acids in the amino-terminal conserved domain revealed that the tyrosine-72 residue was critical for Arabidopsis HDR. These results suggest that the structure and reaction mechanism of HDR evolution have become specific for oxygen-evolving photosynthesis organisms and that HDR probably evolved independently in cyanobacteria versus other prokaryotes.
Isoprenoids are the largest group of natural products found in living organisms (Sacchettini and Poulter, 1997) . All isoprenoids are derived from a basic five-carbon unit, isopentenyl diphosphate (IPP), and its allyl isomer dimethylallyl diphosphate (DMAPP). In animals, IPP and DMAPP are synthesized via the mevalonate (MVA) pathway using acetyl-CoA as the precursor. By contrast, in most eubacteria, including many pathogenic bacteria, IPP and DMAPP are synthesized via the methylerythritol phosphate (MEP) pathway, which uses pyruvate and glyceraldehyde 3-phosphate as precursors. In plants, IPP and DMAPP are synthesized via two independent pathways, the cytosolic MVA pathway and the chloroplastic MEP pathway. The common products IPP and DMAPP synthesized in distinct subcellular compartments are used for the biosynthesis of different isoprenoids.
For instance, sesquiterpenes, sterols (triterpenes), and polyterpenes are mainly synthesized from the cytosolic MVA pathway. Isoprene, monoterpenes, phytol, plastoquinones, tocopherols, carotenoids, and the plant hormones GA and abscisic acid are derived from the chloroplastic MEP pathway (Lichtenthaler, 1999; Vranová et al., 2013) .
The MEP pathway is essential for plant survival, as mutants defective in any of the MEP pathway genes are lethal (Mandel et al., 1996; de la Luz Gutiérrez-Nava et al., 2004; Guevara-García et al., 2005; Goodman, 2005, 2006; Hsieh et al., 2008; Tseng et al., 2013) . Moreover, the antibiotic fosmidomycin, an inhibitor of the MEP pathway enzyme DEOXY-XYLULOSE PHOSPHATE REDUCTOISOMERASE (DXR), can efficiently kill plants ( Rodríguez-Concepción and Boronat, 2002) . It is not surprising that the field of MEP pathway research has advanced rapidly since its discovery two decades ago (Rohmer et al., 1993; Rodríguez-Concepción and Boronat, 2002; Oldfield, 2010) .
The LytB (for lysis tolerant B) gene of Escherichia coli was initially identified to be involved in penicillin tolerance and control of the stringent response (Gustafson et al., 1993 ). LytB/isoprenoid synthesis H (IspH) IspH was later shown to be involved in isoprenoid biosynthesis (Cunningham et al., 2000; Altincicek et al., 2001; McAteer et al., 2001) . In eubacteria, the final step of the MEP pathway involves the 2H + /2e 2 reduction of 4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) to form a 6:1 mixture of IPP and DMAPP by the iron-sulfur protein LytB/IspH or 4-HYDROXY-3-METHYLBUT-2-ENYL DIPHOSPHATE REDUCTASE (HDR; Adam et al., 2002; Altincicek et al., 2002; Rohdich et al., 2002 Rohdich et al., , 2003 Wolff et al., 2003) . In addition to 2H + /2e 2 reduction, IspH was recently shown to have acetylene hydratase activity (Span et al., 2012b) . The physiological significance of this unexpected activity is unknown.
The structure and reaction mechanism of IspH have been actively investigated since its discovery. Studies from Aquifex aeolicus and E. coli indicate that IspH has a trefoil-like structure with a central Fe 4 S 4 cluster, which is coordinated by the Cys residues located in each of the three folding domains (Rekittke et al., 2008; Gräwert et al., 2009) . The central cavity is the active site, and the iron-sulfur cluster serves as an electrontransfer cofactor in the active site (Gräwert et al., 2004 (Gräwert et al., , 2009 (Gräwert et al., , 2010 Rekittke et al., 2008; Wang et al., 2010) . The IspH mechanism of action is still under debate, but there is considerable evidence in support of the organometallic hypothesis (Wang et al., 2010 Span et al., 2012a; Xu et al., 2012; Li et al., 2013) . The substrate HMBPP initially forms a hydroxy complex with the iron-sulfur cluster, and a subsequent series of complexes with rare organometallic bonds leads to the synthesis of IPP and DMAPP (Wang et al., 2010 Li et al., 2013) .
Similar to bacteria, HDR is an essential gene in plants. Virus-induced gene silencing was shown to knock down the expression of HDR in tobacco (Nicotiana tabacum), and the resulting plants had albino leaves (Page et al., 2004) . The Arabidopsis (Arabidopsis thaliana) HDR knockout mutants are lethal (Guevara-García et al., 2005; Hsieh and Goodman, 2005) . In maize (Zea mays), 35S:HDR antisense transgene-induced gene-silencing plants are albino (Lu et al., 2012) . Compared with the bacterial enzyme, the structure and reaction mechanism of plant HDR are largely unknown. Nonetheless, the plant enzyme can successfully rescue the E. coli ispH mutant, indicating that plant HDR and bacterial IspH may have similar enzymatic mechanisms (Hsieh and Goodman, 2005) .
We previously reported that some of the Arabidopsis transgenic plants harboring 35S:HDR complementary DNA (cDNA) had various albino patterns caused by gene silencing (Hsieh and Goodman, 2005) . In this study, we used HDR genomic DNA including its own promoter to generate transgenic Arabidopsis. Interestingly, some of the transgenic plants showed albino, variegated, or palegreen phenotype, indicating that the Arabidopsis HDR gene was very effective in triggering transgene-induced gene silencing. To understand the reaction mechanism of Arabidopsis HDR, we used the crystallized IspH from E. coli as a template to predict the structure of Arabidopsis HDR. Furthermore, the hydroxy complex formed by the substrate HMBPP and the iron-sulfur cluster was docked into the protein model. This molecular modeling revealed key amino acids around the active site of Arabidopsis HDR, which may be involved in substrate binding or catalysis. The importance of these key amino acids was verified by a complementation test of the E. coli ispH mutant with mutated Arabidopsis HDR proteins generated by site-directed mutagenesis. In addition, we identified an extra N-terminal domain that is highly conserved in cyanobacteria, green algae, and land plants but not in E. coli and the other bacteria. We provide in vivo evidence to show that the N-terminal conserved domain (NCD) is essential for Arabidopsis and cyanobacterial HDR. We further identified that the conserved Tyr-72 residue in the NCD was critical for Arabidopsis HDR function. These results suggest that the structure and reaction mechanism of cyanobacterial and plant HDR are different from those of bacteria.
RESULTS
The Arabidopsis HDR Transgene Is Effective in Inducing Gene Silencing
The enzyme HDR catalyzes the last step of the MEP pathway that converts HMBPP into IPP and DMAPP. In Arabidopsis, HDR is encoded by a single-copy gene, and knockout mutants are albino lethal (Guevara-García et al., 2005; Hsieh and Goodman, 2005) . We previously showed that the expression of HDR was silenced in many of the 35S:HDR cDNA transgenic plants, leading to various albino phenotypes (Hsieh and Goodman, 2005) . Interestingly, when we introduced an approximately 3.5-kb HDR genomic clone containing its own promoter into Arabidopsis wild-type plants, some T1 transgenic plants exhibited a pale-green or variegated phenotype (Fig. 1, A and B) . The morphology of chloroplasts in the pale-green leaves of an HDR genesilencing line ranged from lens shape with very thin grana to oval or round shape without any thylakoids (Fig. 1C ). T2 and T3 progeny of these plants were pale green, variegated, or albino (Supplemental Fig. S1 ). In most seedlings, the cotyledons were green or pale green and their first leaves were variegated, light yellow, or albino (Supplemental Fig. S1 ). The whitening of seedlings progressed along the newly developed tissues, and thus very few seeds were recovered from these HDR transgenic plants. Two independent transgenic lines, G16 and G50, had progeny 100% showing the pale-green, variegated, or albino phenotype and were carried to the T4 generation for further analysis. In both G16 and G50 lines, the cotyledons of T4 seedlings were pale green, light yellow, or albino, indicating that the bleaching phenotype of these lines occurred earlier and was more severe than in previous generations (Fig. 1D, left) . The PSII maximum quantum yield of G16 and G50 was significantly lower than that of the wild type (Fig. 1D, right) . The amounts of chlorophylls and carotenoids in G16 and G50 were about one-quarter of the wild-type levels (Fig. 1E) . RNA gel-blot analysis revealed that the expression of HDR was dramatically reduced in G16 and G50 lines (Fig. 1F) . These results suggested that the expression of HDR was silenced in the HDR genomic DNA transgenic lines.
Sequence Analysis of Plant HDR and Bacterial IspH
The Arabidopsis HDR was able to rescue the lethal phenotype of the E. coli ispH mutant (Hsieh and Goodman, 2005) , indicating that the function of this enzyme is conserved between plants and bacteria. We aligned IspH/HDR from E. coli, A. aeolicus, Rhodobacter capsulatus (purple bacterium), Synechocystis sp. PCC 6803 (cyanobacterium), Chlamydomonas reinhardtii (green alga), Physcomitrella patens (bryophyte), Selaginella moellendorffii (lycophyte), Pinus densiflora (gymnosperm), tobacco (dicotyledon), Arabidopsis (dicotyledon), rice (Oryza sativa; monocotyledon), and maize (monocotyledon) to identify the invariant amino acid residues between plants and bacteria. The sequence alignment revealed that the cyanobacterial HDR had an extra stretch of 53 amino acids in the N terminus that were missing in E. coli, A. aeolicus, and R. capsulatus IspH. Interestingly, these amino acids are highly conserved in cyanobacteria, green algae, and land plants (Fig. 2) . Beyond the NCD, the HDR of green algae and land plants had an extended N-terminal sequence with various lengths that was not found in cyanobacteria. These sequences were not highly conserved, which may serve as transit peptides to target plant HDRs to the chloroplast. The Arabidopsis IspH domain (e.g. amino acid residues 111 to 466, encompassing the bacterial IspH) shares approximately 25% identity and approximately 42% similarity with the E. coli protein. Many amino acid residues found to be critical for E. coli and A. aeolicus IspH (Gräwert et al., 2004 (Gräwert et al., , 2009 (Gräwert et al., , 2010 Rekittke et al., 2008 , Wang et al., 2010 were also conserved in purple bacteria, cyanobacteria, green algae, and land plants (Fig. 2) . These invariant amino acids may play important roles such as iron-sulfur cluster formation, substrate binding, and catalysis in plant HDRs.
Homology Modeling of Arabidopsis HDR
We used the E. coli IspH (Protein Data Bank [PDB] code 3F7T) as a template for Arabidopsis HDR structure modeling. The E. coli IspH is monomeric, which folds into three similar domains forming a trefoil-like structure (Gräwert et al., 2009) . Each folding domain consists of four strands of parallel b-sheets in the center flanked by three a-helices (Fig. 3A, left) . Although these domains have similar folding patterns, the primary sequences are not similar. We used the software Accelrys Discovery Studio 2.5.5 to construct a three-dimensional model of Arabidopsis HDR. The N-terminal region (e.g. amino acids 1-110) of Arabidopsis HDR does not exist in E. coli IspH. So we only used the IspH domain (amino acids 111-466) of Arabidopsis HDR to perform homology modeling. The predicted IspH domain of Arabidopsis HDR showed a trefoil-like structure similar to that of E. coli (Fig. 3A, right) . The three domains protrude into a cavity at the center of the protein, where it possibly coordinates an iron-sulfur cluster and HMBPP substrate as E. coli IspH (Gräwert et al., 2009) . The most apparent differences were at the tip of the three domains, where the Arabidopsis protein had extended structures (Fig. 3A) . These extensions correspond to the mismatch gaps between the Arabidopsis and E. coli proteins (Supplemental Fig. S2 ).
Molecular Docking of HMBPP in Arabidopsis HDR
It has been proposed that the substrate of IspH, HMBPP, initially forms a hydroxy complex with the Fe 4 S 4 center (Wang et al., 2010) . In Arabidopsis HDR, the iron-sulfur cluster appeared in close approximation with three Cys residues, Cys-122, Cys-213, and Cys-350, as it was in the bacterial protein (e.g. Cys-12, Cys-96, and Cys-197 of E. coli IspH; Fig. 3B ). Docking of HMBPP to the central active site of Arabidopsis HDR revealed that the amino acid residues His-152, His-241, Glu-242, Glu-243, Thr-244, Thr-312, Ser-379, and Asn-381 were located around the substrate (Fig. 3B ). Most of these amino acids are absolutely conserved between bacteria and plants, indicating that these residues may be involved in substrate binding or the catalysis of HMBPP to IPP and DMAPP.
Cys-122, Cys-213, and Cys-350 Are Essential for Arabidopsis HDR
We used site-directed mutagenesis to generate three independent constructs that would produce Arabidopsis HDR mutant proteins harboring Cys-122Gly, Cys-213Gly, and Cys-350Gly. These constructs were separately transformed into the E. coli ispH mutant to test if they could complement the mutant. In the E. coli ispH mutant, the endogenous IspH gene was knocked out and an engineered IspH gene under the control of the arabinose-inducible P BAD promoter was present on the chromosome (McAteer et al., 2001) . Because the IspH gene is essential for survival, the growth of the E. coli ispH mutant can be controlled by the addition of Ara or Glc in the medium. In the presence of 0.2% (w/v) Ara, the engineered IspH gene located on the bacterial chromosome would be induced, and all E. coli ispH mutant strains transformed with plasmids containing wild-type or mutated Arabidopsis HDR cDNAs would grow and form colonies (Fig. 4, left) . In the presence of 0.2% (w/v) Glc, the expression of wild-type Arabidopsis HDR could restore the growth of the E. coli ispH mutant, but none of the Cys-122Gly, Cys-213Gly, and Cys350Gly mutant proteins was able to complement the mutant (Fig. 4, right) . These results indicate that the Cys-122, Cys-213, and Cys-350 residues are essential for Arabidopsis HDR function.
Some Key Amino Acids Are Specific to Plant HDR
In addition to Cys-122, Cys-213, and Cys-350, we also examined the functions of His-152, His-241, Glu-242, Glu-243, Thr-244, Thr-312, Ser-379, and Asn-381, which were predicted to locate in the central active site of Arabidopsis HDR (Fig. 3B ). These amino acid residues, except Glu-242 and Thr-244, are absolutely conserved from bacteria to plants (Fig. 2) . We used site-directed mutagenesis to generate constructs encoding Arabidopsis HDR His-152Asn, His-241Asn, Glu-242Lys, Glu-243Lys, Thr-244Pro, Thr-312Pro, Ser-379Pro, Asn-381His, and His-152Asn/His-241Asn mutants. The Glu-242Lys, Glu-243Lys, Thr-244Pro, Thr-312Pro, Ser-379Pro, and Asn-381His mutant constructs were unable to complement the E. coli ispH mutant (Supplemental Fig. S3 , A and B), indicating that Glu-242, Glu-243, Thr-244, Thr-312, Ser-379, and Asn-381 are critical for Arabidopsis HDR function.
Unexpectedly, Arabidopsis HDR His-152Asn and His-241Asn single mutants but not the His-152Asn/ His-241Asn double mutant were able to complement the E. coli ispH mutant (Supplemental Fig. S3C ). Although the Arabidopsis HDR His-152Asn mutant was able to rescue the E. coli ispH mutant, the complemented strain grew poorly. We used liquid culture supplemented with 0.2% (w/v) Glc to measure the growth rate of E. coli ispH mutant strains containing Arabidopsis wild-type, His152Asn, or His-241Asn HDR protein. Consistent with the plate colony-forming assay, the growth rate of the His-241Asn mutant complemented strain was similar to that of the wild type, whereas the His-152Asn mutant complemented strain grew poorly in liquid culture (Supplemental Fig. S3D ). These results suggest that His-152 is more important than His-241 and that mutations in both His-152 and His-241 will abolish the function of Arabidopsis HDR. This is in contrast to the reaction mechanism of E. coli IspH, in which the corresponding His-41 and His-124 are critical residues (Wang et al., 2010) . The results of these complementation assays are summarized in Table I .
Arabidopsis HDRD110 Failed to Complement the E. coli ispH Mutant
The Arabidopsis HDR protein consisted of a putative transit peptide, the NCD (amino acids 56-110), and the IspH domain (amino acids 111-466; Fig. 5A ). Similarly, transit peptides also exist in the other Arabidopsis MEP pathway enzymes, as revealed by amino acid sequence alignments (Supplemental Fig. S4 ). These analyses indicated that the cyanobacterial MEP pathway enzymes aligned well with those of E. coli except in the N-terminal region of HDR (Supplemental Fig. S4) . Thus, the NCD of plant and cyanobacterial HDR is unique among the MEP pathway enzymes, which may have specific functions in the oxygenic photosynthetic lineage.
We generated a series of Arabidopsis HDR N-terminal deletion constructs, HDRD24, HDRD55, HDRD110, and HDRD122, to examine the function of the NCD. The predicted cleavage site of the Arabidopsis HDR transit peptide is located at the 38th amino acid residue. In planta, the mature Arabidopsis HDR in the chloroplast will be without the transit peptide. We constructed a cDNA clone encoding the Arabidopsis HDR protein without the first 24 amino acid residues (e.g. HDRD24), which was able to complement the E. coli ispH mutant (Hsieh and Goodman, 2005) . Arabidopsis HDRD24, considered as a wild-type protein, was used as a positive control in this study. In the presence of 0.2% (w/v) Glc, Arabidopsis HDRD55 that retained the complete NCD and the IspH domain was able to rescue the E. coli ispH mutant (Fig. 5B) . As expected, Arabidopsis HDRD122 without the critical Cys-122 residue failed to complement the E. coli ispH mutant (Fig. 5B) . Surprisingly, Arabidopsis HDRD110, corresponding to the full-length E. coli IspH, also failed to complement the E. coli mutant (Fig. 5B) . These results indicated that amino acid residues 56 to 110 (e.g. the NCD) were critical for Arabidopsis HDR function.
The NCD Is Critical for Cyanobacterial HDR Function
To examine if the NCD is critical for cyanobacterial HDR function, we cloned a full-length HDR cDNA from Synechocystis sp. PCC 6803 (SyHDR) and generated two deletion constructs, SyHDRD54 and SyHDRD66 (Fig. 6A ). These clones were used for a complementation assay to test if they could rescue the E. coli ispH mutant. The full-length SyHDR was able to complement the E. coli mutant (Fig. 6B) . However, the NCD deletion construct (SyHDRD54) and the NCD plus the conserved Cys-66 deletion construct (SyHDRD66) failed to rescue the E. coli ispH mutant (Fig. 6B) . These results confirmed that the NCD is also critical for HDR function in Synechocystis sp. PCC 6803.
Essential Role of the Arabidopsis HDR NCD
To further confirm the NCD function in planta, we tested if the Arabidopsis HDRDNCD could complement Figure 4 . Arabidopsis HDR C122G, C213G, and C350G mutant proteins failed to complement the E. coli ispH mutant. The E. coli ispH mutant strain complemented with the Arabidopsis HDR wild type (WT) or the C122G, C213G, or C350G mutant was able to grow on medium containing 0.2% (w/v) Ara (left), but only the wild type complemented strain was able to grow on medium containing 0.2% (w/v) Glc (right). Cys-122, Cys-213, and Cys-350 of Arabidopsis HDR correspond to Cys-12, Cys-96, and Cys-197 of E. coli IspH, which are involved in iron-sulfur cluster formation.
the hdr-1 albino mutant. The 35S:HDRD(562110) construct, which encodes a recombinant protein containing the putative transit peptide (amino acids 1-55) and the IspH domain (amino acids 111-466), was transformed into Arabidopsis hdr-1 heterozygous plants. The Arabidopsis hdr-1 mutant is resistant to kanamycin, and the 35S:HDRD(562110) construct carries a hygromycin selection marker. So T1 seeds were germinated and grown on hygromycin plus kanamycin selective medium to screen for successful transformants in the hdr-1 mutant (2/2 or +/2) background. If the 35S:HDRD(562110) transgene was able to complement the hdr-1 albino mutant, all the hygromycin-resistant (Hyg R )/kanamycinresistant (Kan R ) transformants should be green. While the majority of T1 transformants were green, some Hyg R / Kan R albino seedlings did appear during the screening (data not shown). This result indicated that the 35S: HDRD(562110) transgene failed to complement the hdr-1 mutant. Some of the 35S:HDRD(562110) transgenic plants were carried to T3 homozygosity. Progeny of a representative transgenic line, which is hdr (+/2) heterozygous and 35S:HDRD(562110) transgene homozygous, segregated mainly green and albino seedlings on a hygromycin selective medium (Fig. 7A) . The presence of homozygous Hyg R albino seedlings implied that the HDRDΝCD protein, if expressed and localized to the chloroplast, is not functional in Arabidopsis. Interestingly, a few Hyg R variegated or pale-green seedlings also appeared in the progeny (Fig. 7A) . We examined two additional 35S:HDRD(562110) homozygous transgenic lines and found that green, pale-green, variegated, and albino seedlings all appeared in the progeny (Supplemental Fig. S5 ). The phenotypes of these transgenic plants suggested that the 35S:HDRD(562110) transgene was effective in triggering gene silencing. Thus, the NCD is not required for HDR transgeneinduced gene silencing in Arabidopsis.
To confirm whether the 35S:HDRD(562110) transgene was properly expressed, we extracted total RNA and proteins from the Hyg R albino seedlings for further analysis. The original hdr-1 (2/2) albino mutants do not have detectable HDR transcripts or proteins (Hsieh and Goodman, 2005) . Reverse transcription (RT)-PCR and sequencing results confirmed that these Hyg R albino seedlings contained HDRD(562110) transcripts, which were approximately 150 bp shorter than those of the wild type (Fig. 7B) . Immunoblot analysis revealed that the HDRD(562110) but not the wild-type protein was detected in the Hyg R albino seedlings (Fig. 7C) . Moreover, the abundance of HDRD(562110) protein in the Hyg R albino seedlings was lower than that of HDR in the wild type (Fig. 7C) .
Although the HDRD(562110) protein was expressed in the transgenic plants, it was not clear if the NCDdeleted protein was properly localized to the chloroplast. We previously showed that the first 52 amino acids of Arabidopsis HDR were sufficient to target the fused GFP to the chloroplast (Hsieh et al., 2008) . So the expressed HDRD(562110) protein in the Hyg R albino seedlings that still contains the first 55 amino acids should have a functional transit peptide to target the protein to the chloroplast. Nonetheless, we generated a 35S:HDRD (562110)-GFP construct and used an Arabidopsis protoplast transient expression assay to examine the subcellular localization of HDRD(562110)-GFP. The green fluorescent signals colocalized with the autofluorescent signals of chlorophyll in the transformed protoplast, indicating that the HDRD(562110)-GFP fusion protein was localized to the chloroplast (Fig. 7D) . Together, these results suggested that the Arabidopsis HDRD(562 110) protein was expressed and properly localized to the chloroplast but failed to rescue the hdr-1 mutant.
Important Amino Acid Residues in the NCD
Alignment of HDRs from Arabidopsis and seven representative cyanobacterial species belonging to different orders revealed that the NCD exists in all cyanobacteria, including Gloeobacter violaceus (Fig. 8A) . The HDR of G. violaceus is slightly shorter in the NCD than that of the other cyanobacteria, which is consistent with the notion that G. violaceus is an earlybranching cyanobacterium that diverged from other cyanobacteria before the emergence of plant plastids (Nelissen et al., 1995) . The sequence alignment also revealed that Asp-58, Leu-66, Tyr-72, Tyr-91, and Gly-109 located in the NCD of Arabidopsis HDR are absolutely conserved among cyanobacteria, green algae, and land plants (Figs. 2 and 8A) . We further used sitedirected mutagenesis and an E. coli complementation assay to examine the importance of these conserved residues. Interestingly, Arabidopsis HDR Tyr-72Ser failed to rescue the E. coli ispH mutant (Fig. 8B) . Arabidopsis HDR Gly-109Arg was able to complement the E. coli mutant, but it only formed small colonies (Fig. 8B) . By contrast, the Asp-58His, Leu-66Phe, and Tyr-91Ser mutants did not affect the function of Arabidopsis HDR (Fig. 8B) . These results suggest that Tyr-72 is critical and Gly-109 is important for Arabidopsis HDR function.
DISCUSSION The Arabidopsis HDR Transgene Is Effective in Inducing Gene Silencing
We previously showed that the Arabidopsis 35S: HDR cDNA transgene was very effective in triggering gene silencing (Hsieh and Goodman, 2005) . Here, we demonstrated that transformation of an approximately 3.5-kb HDR genomic clone into wild-type plants could also induce gene silencing in Arabidopsis. Some transgenic plants harboring this genomic clone are albino, pale green, or variegated, and the silencing effect was more profound in younger tissues. The clonal sectors of albino/green tissues in the variegated plants indicated that some of the silencing effects were stochastic and cell autonomous. These phenotypes suggested that both transcriptional and posttranscriptional gene-silencing mechanisms could be involved in these lines.
In addition to HDR, the DXR gene encoding the second enzyme of the MEP pathway was able to trigger transgene-induced gene silencing in Arabidopsis (Carretero-Paulet et al., 2006) . Nonetheless, in HDR transgene-induced gene-silencing lines, the degree of bleaching correlates with the reduction of HDR transcripts. Thus, it is important for HDR to maintain sufficient amounts to fulfill its function. The expression and activity of HDR should be tightly regulated during plant growth and development. It will be interesting to identify those components that are involved in the regulation of HDR gene expression and enzyme activity.
Structure and Enzymatic Mechanism of HDR: Similarity and Difference between Plants and Bacteria
The E. coli IspH is an iron-sulfur protein, and the conserved Cys-12, Cys-96, and Cys-197 residues are involved in iron-sulfur cluster formation (Wolff et al., 2003; Gräwert et al., 2004 Gräwert et al., , 2009 Rekittke et al., 2008) . These Cys residues are also conserved in cyanobacteria, green algae, and land plants. Homology modeling of Arabidopsis HDR revealed that the corresponding Cys-122, Cys-213, and Cys-350 residues were located in the central active site, which was critical for its function. It is likely that the Arabidopsis HDR is also an iron-sulfur protein. Similar to the reaction mechanism of E. coli IspH, the conserved Cys-122, Cys-213, and Cys-350 residues are involved in the formation of the iron-sulfur cluster in Arabidopsis HDR. residues 55 to 406 corresponding to the full-length E. coli IspH; C66, C157, and C288 are critical Cys residues involved in iron-sulfur cluster formation. B, The wild-type cyanobacterial HDR (SyHDR), but not the NCD deletion constructs SyHDRD54 and SyHDRD66, was able to complement the E. coli ispH mutant. The E. coli ispH mutant complemented with the wild-type Arabidopsis HDR (AtHDR) was used as a positive control.
In E. coli and A. aeolicus IspH, Glu-126 is a key catalytic residue that delivers H + to the active site, and Thr-167, Ser-225, and Asn-227 are involved in substrate binding (Gräwert et al., 2009 (Gräwert et al., , 2010 Wang et al., 2010) . These amino acids are conserved in cyanobacteria, green algae, and land plants. We confirmed that these conserved residues are critical for Arabidopsis HDR function, as mutations in any of these residues (e.g. Glu-243Lys, Thr-312Pro, Ser-379Pro, and Asn-381His) failed to complement the E. coli ispH mutant. It is possible that the conserved Glu-243 in Arabidopsis HDR may also function as a key catalytic residue involved in H + delivery. In homology modeling of Arabidopsis HDR, Thr-312, Ser-379, and Asn-381 were located in the central active site surrounding the HMBPP (Fig. 3B) , which was consistent with the predicted role of these amino acids in substrate binding.
In addition to the above amino acids, His-41 and His-124 also play important roles in E. coli and A. aeolicus IspH. These two residues are absolutely conserved, but their functions may have evolved in plants. In bacterial IspH, His-41 is involved in substrate binding, whereas His-124 is required for delivering H + to the key residue Glu-126 and the substrate HMBPP during catalysis (Rekittke et al., 2008; Gräwert et al., 2009 Gräwert et al., , 2010 Wang et al., 2010) . In E. coli IspH, the His-41Asn mutant did not have detrimental effects, but the activity of IspH was undetectable in the His124Asn mutant (Gräwert et al., 2009) . We made the same amino acid substitutions (e.g. His-152Asn and His-241Asn) in Arabidopsis HDR. If the functions of these two residues were conserved, Arabidopsis HDR His-152Asn but not His-241Asn should be able to rescue the E. coli ispH mutant. Surprisingly, the Arabidopsis HDR His-241Asn mutant was fully functional in the E. coli complementation assay. While the function of Arabidopsis HDR was partially lost in the His-152Asn single mutant, it was completely lost in the His152Asn/His-241Asn double mutant. Still, these results are consistent with the notion that His-152 and His-241 are important for Arabidopsis HDR function. However, in contrast to the critical role of His-124 in E. coli IspH, the corresponding His-241 residue is not essential for Arabidopsis HDR. If His-241 is involved in H + delivery, its role may be limited or replaceable by other amino acids in Arabidopsis HDR.
Although His-241 is not essential, the neighboring Glu-242, Glu-243, and Thr-244 residues are critical for Arabidopsis HDR function. Amino acids Glu-242 and Thr-244 flanking the key Glu-243 residue of Arabidopsis HDR are conserved in cyanobacteria, green algae, and land plants but not in E. coli, A. aeolicus, and R. capsulatus (Fig. 2) . The Arabidopsis HDR may use Glu-242 and Thr-244, instead of His-241, to deliver H + to the key residue Glu-243 and the substrate HMBPP during catalysis. Homology modeling of Arabidopsis HDR revealed that His-152, His-241, Glu-242, and Thr-244 were located around the substrate HMBPP in the central active site (Fig. 3B) . Alternatively, these residues, together with Thr-312, Ser-379, and Asn-381, may form a bonding network with the substrate HMBPP. The HEET motif in the central active site is specifically conserved in oxygenic photosynthesis organisms, indicating that the catalytic mechanism of HDR may have evolved independently in the green lineage of life. It will be interesting to further examine the functions of these amino acids and the reaction mechanism of plant HDR.
A Critical Role of the NCD for Cyanobacterial and Arabidopsis HDR
In addition to key amino acids in the central active site, we have identified that the NCD and the Tyr-72 residue in the NCD are critical for Arabidopsis HDR. The NCD is present in cyanobacteria but not in other prokaryotes. So the occurrence of this domain should be early in evolution. It is possible that the cyanobacterial HDR may evolve independently from the common ancestor of prokaryotes to obtain the NCD, which remains an essential part of the enzyme along the evolution of green algae and land plants. The NCD is present in all cyanobacterial HDRs (Fig. 8) , suggesting that this domain is not part of the transit peptide in plants. Furthermore, we showed that Arabidopsis HDR(D56-110)-GFP was localized to the chloroplast (Fig. 7D) . So the NCD is not required for targeting HDR to the chloroplast in plants. This is in contrast to the Pro-rich motif located in the N-terminal region of plant DXR, which may be required for targeting the protein to the chloroplast and to the thylakoid lumen (Carretero-Paulet et al., 2002; Fung et al., 2010) . Moreover, the Pro-rich motif is present in DXRs of green algae and land plants but not in the cyanobacterial protein (Supplemental Fig. S4 ).
The exact function of the NCD has yet to be established. Analysis of 35S:HDR(D56-110) transgenic plants revealed that the NCD was not required for HDR transgene-induced gene silencing. The amount of HDRDΝCD protein in 35S:HDR(D56-110) transgenic albino plants was lower than that of HDR in wild-type plants, suggesting that the NCD might play an important role in protein stability or that the HDRDΝCD transcript is less efficient in translation (Fig. 7C) . Interestingly, the maize zebra7 mutant, which has transverse green/yellow striped leaves, is caused by an Arg-64Cys mutation in the NCD of maize HDR. The authors suggest that the mutant HDR is less effective or unstable in the zebra7 mutant (Lu et al., 2012) . Nonetheless, it will be interesting to further examine the molecular mechanism concerning the regulation of plant HDR stability by the NCD.
Since the NCD is essential for Arabidopsis HDR, it may be involved directly in catalytic reaction or substrate binding rather than functioning as a regulatory domain. In E. coli IspH, the N-terminal strand plays a key role for structural cohesion (Gräwert et al., 2009 ). The addition of extended amino acids, including the NCD, to the N-terminal strand would create a different structure in Arabidopsis HDR. The NCD of Arabidopsis HDR was predicted to form two to three a-helices and one b-sheet (Supplemental Fig. S2 ). This structure may interact with the trefoil-like domain and change the conformation of the central active site. Therefore, the passage of substrate and product or the hydrogen bonding of substrate may be different between plant HDR and E. coli IspH. Alternatively, the NCD may interact with the central active site or itself may be involved in the formation of the active site. Some of the amino acid residues in the NCD, such as Tyr-72 and Gly-109, may be directly involved in substrate binding or catalytic reactions in Arabidopsis HDR.
Although the involvement of HDR in the last step of the MEP pathway is conserved from bacteria to plants, the structure and reaction mechanism of this enzyme may be different between these two domains of life. The occurrence of the NCD and some critical amino acids is specific to the green lineage of life. Further studies, especially crystal structure analysis, may provide insights into the enzymatic mechanism of plant and cyanobacterial HDR.
MATERIALS AND METHODS

Nomenclature
To conform to the nomenclature of HDR in plants (Phillips et al., 2008) , the Arabidopsis (Arabidopsis thaliana) IspH homolog and the ispH-1 mutant (Hsieh and Goodman, 2005) have been renamed HDR and hdr-1, respectively.
Plant Materials and Growth Conditions
Arabidopsis (ecotype Columbia-0) was grown on one-half-strength Murashige and Skoog plates (Murashige and Skoog salts [Phytotechnology Laboratories], pH adjusted to 5.7 with 1 N KOH, and 0.8% [w/v] phytoagar) containing 2% Suc in a growth chamber or in soil in the greenhouse on a 16-hlight/8-h-dark cycle at 23°C. Primers 59-AGAGAGGGAATGTACGGAAG-39 and 59-GGTAAGAACATTAAGTGGAG-39 were used to amplify the HDR genomic DNA, and the 3,735-bp PCR product was cloned into the TOPO 2.1 vector (Invitrogen). An approximately 3.5-kb SpeI fragment harboring the HDR genomic DNA containing 903 bp upstream of the ATG start codon and 153 bp downstream of the stop codon was subcloned into the XbaI-digested pCambia 3201 vector and transformed into Agrobacterium tumefaciens GV3101. The HDR genomic clone was transformed into Arabidopsis ecotype Columbia-0 by floral dip. T1 seeds were sown in soil, and Basta (120 mg L 21 ) was sprayed twice on 10-and 17-d-old seedlings. About one-third of Bastaresistant T1 plants showed the pale-green, variegated, or albino phenotype. T2 seeds harvested from 30 independent T1 pale-green lines were further analyzed. Of these 30 lines, progeny of G16 and G50 all showed the palegreen, variegated, or albino phenotype.
Analysis of HDR Genomic DNA-Induced Gene-Silencing Lines
Rosette leaves from the soil-grown wild type and a pale-green HDR genomic DNA-induced gene-silencing line were used for transmission electron microscopy analysis according to methods described previously (Hsieh and Goodman, 2005) . Twelve-day-old wild-type, G16, and G50 seedlings grown in tissue culture medium were used for chlorophyll fluorescence imaging and photosynthetic pigment analysis. Chlorophyll fluorescence imaging and analysis were performed with the Maxi-Imaging-PAM Chlorophyll Fluorometer (Heinz Walz). Plants were dark adapted for 20 min before measuring the PSII maximum quantum yield. Determination of total chlorophylls and carotenoids was performed as described (Lichtenthaler and Wellburn, 1983) .
RNA Gel-Blot and RT-PCR Analyses
Total RNA extraction and RNA gel-blot analysis of HDR were conducted as described (Hsieh and Goodman, 2005) . Digoxigenin probe labeling, prehybridization, hybridization, wash conditions, and detection were according to the Boehringer Mannheim Genius System User's Guide, version 3.0. For RT-PCR analysis, total RNA was digested with DNase I, and RT was performed with SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Oligo(dT) was used in RT to synthesize the first-strand cDNA. Primers 59-ATGGCTGTTGCGCTCCAATTC-39 and 59-TCAAGCCAG-CTGCAATAACTC-39 were used to amplify wild-type HDR (approximately 1.4 kb) and HDRD(56-110) transgene (approximately 1.25 kb) cDNAs in Figure 8B .
Sequence Alignment of HDR/IspH Proteins
HDR/IspH amino acid sequences from Arabidopsis (AAN87171), tobacco (Nicotiana tabacum; AF159699), rice (Oryza sativa; NM_001057702), maize (Zea mays; NM_001175829), Pinus densiflora (ACC54561), Selaginella moellendorffii (XP_002960319), Physcomitrella patens (XM_001758317), Chlamydomonas reinhardtii (XP_001701302), Synechocystis sp. PCC 6803 (NP_442089), Rhodobacter capsulatus (ADE87147), Aquifex aeolicus (O67625), and Escherichia coli (NP_414570) were aligned with ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) and BoxShade (http://www.ch.embnet.org/software/BOX_form.html; Fig. 2 ). To confirm that the NCD exists in all cyanobacteria, HDR sequences from Arabidopsis (AAN87171) and seven arbitrarily selected cyanobacterial species belonging to different orders (http://www.ncbi.nlm.nih.gov/taxonomy) were aligned with ClustalW2 and BoxShade. The accession numbers of these cyanobacterial HDRs are as follows: WP_011143289, Gloeobacter violaceus (Gloeobacterales); AFZ57717, Anabaena cylindrica PCC 7122 (Nostocales); NP_442089, Synechocystis sp. PCC 6803 (Chroococcales); CBN54263, Oscillatoria sp. PCC 6506 (Oscillatoriales); WP_019504311, Pleurocapsa sp. PCC 7319 (Pleurocapsales); YP_001018478, Prochlorococcus marinus strain MIT 9303 (Prochlorales); and WP_016869831, Fischerella muscicola (Stigonematales). Only the NCD of the resulting alignment is shown in Figure 8A .
Homology Modeling of Arabidopsis HDR
The crystal structure of E. coli IspH (PDB code 3F7T; Gräwert et al., 2009 ) was used as a template for homology modeling of Arabidopsis HDR using the software Discovery Studio version 2.5.5 (Accelrys). Arabidopsis HDR has an extra N-terminal sequence (e.g. amino acid residues 1-110) compared with that of E. coli (Fig. 2) , which was not included in molecular modeling. The predicted structure of Arabidopsis HDR is shown in Figure 3A . A substrate-binding site was also predicted using Discovery Studio version 2.5.5 with the ReceptorLigand panel in the program. The cavity of the possible substrate-binding site was predicted, and then the orientation of the substrate, and HMBPP was docked into the predicted cavity using the CDocker panel in the program. The best predicted result is shown in Figure 3B .
Generation of Arabidopsis HDR Mutant Proteins
The Arabidopsis HDR cDNA digested with BamHI and SacI was cloned into pQE-30 (Qiagen) to express a His-tagged HDR protein missing the first 24 amino acid residues. The resulting clone, pQE-AtHDR, was able to complement the E. coli ispH mutant (Hsieh and Goodman, 2005) . pQE-AtHDR was used as a template to generate Arabidopsis HDR mutant constructs by sitedirected mutagenesis using the Quickchange II Site-Directed Mutagenesis Kit (Agilent Technologies) according to the manufacturer's instructions. Only one nucleotide is mutated at a time for each amino acid residue of interest. The HDR His-152Asn/His-241Asn double mutant was constructed with an additional round of mutagenesis using the His-152Asn single mutant as a template. The mutated pQE-AtHDR clones were verified by sequencing. Primers used for site-directed mutagenesis to generate Arabidopsis HDR Asp-58His, Leu-66Phe, Tyr-72Ser, Tyr-91Ser, Gly-109Arg, Cys-122Gly, His-152Asn, Cys213Gly, His-241Asn, Glu-242Lys, Glu-243Lys, Thr-244Pro, Thr-312Pro, Ser379Pro, Asn-381His, and His-152Asn/His-241Asn mutant constructs are listed in Supplemental Table S1 . pQE-AtHDR was used as a template to generate a series of N-terminal deletion constructs by PCR. Primers containing BamHI and SacI restriction sites used to generate cDNAs encoding HDRD55, HDRD110, and HDRD122 mutant proteins are listed in Supplemental Table S1 . PCR products digested with BamHI and SacI were cloned into the similarly cut pQE-30 vector (Qiagen) and verified by sequencing.
Generation of Cyanobacterial HDR Mutant Proteins
Primers 59-CCTTGGATCCATGGATACCAAAGCTT-39 and 59-CCTTGAGC TCCTATCCCGCAATTTC-39 were used to amplify the full-length HDR gene from Synechocystis sp. PCC 6803 by PCR. The PCR products were digested with BamHI and SacI and ligated to the pQE-30 vector (Qiagen) that was cut by the same restriction enzymes. The full-length SyHDR cDNA was verified by sequencing and was used as a template to generate SyHDRD54 and SyHDRD66 mutant constructs by PCR with primers 59-CCTTGGATCCGTCACCATTCTGTTGGC-39/ 59-CCTTGAGCTCCTATCCCGCAATTT-39 and 59-CCTTGGATCCTGGGGCGTG-GAGCGAGCC-39/59-CCTTGAGCTCCTATCCCGCAATTTC-39, respectively. The PCR products were digested with BamHI and SacI, cloned into pQE-30 vector, and verified by sequencing. The resulting SyHDRD54 and SyHDRD66 mutant cDNAs, and the wild type SyHDR full-length construct, were transformed into the E. coli ispH mutant for complementation assays.
Complementation of the E. coli ispH Mutant
The E. coli ispH mutant strain MG1655 ara,.ispH was maintained on Luria-Bertani (LB) medium containing 50 mg mL 21 kanamycin and 0.2% (w/v) Ara (McAteer et al., 2001 ). Arabidopsis and cyanobacterial HDR mutant constructs were transformed into E. coli ispH mutant competent cells and selected on LB plates containing 50 mg mL 21 kanamycin, 50 mg mL 21 ampicillin, and 0.2% (w/v) Ara. The presence of mutant plasmids in surviving colonies was verified. Transformants containing mutant plasmids were grown on LB plates containing 50 mg mL 21 kanamycin, 50 mg mL 21 ampicillin, 0.2% (w/v) Glc, and 0.5 mM isopropylthio-b-galactoside to test if the mutated HDR proteins were able to complement the E. coli ispH mutant. As a positive control, the wild-type pQE-AtHDR plasmid was transformed into the E. coli ispH mutant and grown on the same medium.
Growth Curves of E. coli ispH Mutants
The E. coli ispH mutants transformed with wild-type or mutant (e.g. His152Asn or His-241Asn) pQE-AtHDR plasmids were grown in LB liquid culture containing 50 mg mL 21 kanamycin, 50 mg mL 21 ampicillin, and 0.2% (w/v) Ara at 37°C overnight. Then, 1 mL of the overnight culture was added to 20 mL of fresh LB liquid medium containing 50 mg mL 21 kanamycin, 50 mg mL 21 ampicillin, 0.2% (w/v) Glc, and 0.5 mM isopropylthio-b-galactoside, and the initial measurement of optical density at 600 nm was taken. The liquid cultures were grown on a rotary shaker (250 rpm) at 37°C with the consecutive measurements of optical density at 600 nm taken at 30-min intervals for a total of 450 min.
Complementation of the Arabidopsis hdr-1 Mutant by 35S: To obtain the Arabidopsis HDRD(56-110) clone, full-length HDR cDNA was used as a template to amplify the coding sequences of amino acids 1 to 55 and 111 to 466 by PCR with primers 59-CACCATGGCTGTTGCGCTCCAATTC-39/ 59-CCTTGAGCTCGGAGTCCATCACCACCG-39 and 59-CCTTGAGCTCGTTA CTGTGAAACTCGCT-39/59-TCAAGCCAGCTGCAATAACTC-39, respectively. These two PCR fragments were digested with SacI, ligated with T4 DNA ligase, and cloned into the Gateway pENTR/D-TOPO vector (Life Technologies). The HDRD(56-110) clone was verified by DNA sequencing, subcloned into the plant gene expression vector pGWB502V containing the hygromycin selectable marker, and transformed into A. tumefaciens GV3101. The resulting 35S:HDRD (56-110) clone was transformed into Arabidopsis hdr-1 heterozygous (+/2; Kan R ) plants by floral dip. T1 seeds were screened on selective medium containing kanamycin and hygromycin. Successful transformants (Hyg R and Kan R ) would be hdr-1 (2/2 or +/2) mutants harboring the 35S:HDRD(56-110) transgene. Total protein extraction and immunoblot analysis of Arabidopsis HDR were performed as described (Hsieh and Goodman, 2005) . The monoclonal anti-actin antibody (A3853) was purchased from Sigma.
Subcellular Localization of Arabidopsis HDRD(56-110)-GFP
The Arabidopsis HDRD(56-110) clone was used as a template for PCR with primers 59-CACCATGGCTGTTGCGCTCCAATTC-39 and 59-AGCCAGCTG-CAATAACTCTT-39. The PCR product was cloned into the Gateway pENTR/ D-TOPO vector (Life Technologies), verified by DNA sequencing, and subcloned into the 35S:GFP expression vector pGWB505. The resulting clone, 35S: HDRD(56-110)-GFP, was transformed into Arabidopsis mesophyll protoplasts to examine the subcellular localization of the HDRD(56-110)-GFP fusion protein. Protoplast isolation and polyethylene glycol-mediated transformation were performed as described (Hsieh et al., 2008) . The Zeiss LSM 510 Meta confocal microscope was used to observe the protoplast after 16 h of transformation.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Phenotypes of T2 and T3 progeny of the Arabidopsis HDR genomic DNA-induced gene-silencing line G16.
Supplemental Figure S2 . Amino acid sequence alignment and secondary structure comparison between Arabidopsis HDR and E. coli IspH.
Supplemental Figure S3 . Analysis of Arabidopsis HDR key amino acids by site-directed mutagenesis and complementation test in the E. coli ispH mutant.
Supplemental Figure S4 . Schematic diagrams of MEP pathway enzymes.
Supplemental Figure S5 . Progeny of two homozygous 35S:HDRD(562 110) transgenic lines segregated green, pale-green, variegated, and albino seedlings on a nonselective medium.
Supplemental Table S1 . Primers used to generate Arabidopsis HDR mutant constructs.
